Methods for alignment of protein sequences typicaily measure similarity by using a substitution matrix with scores for all possible exchanges of one amino acid with another. The most widely used matrices are based on the Dayhoff model of evoIutionary rates. Using a different approach, we have derived substitution matrices from about 2000 blocks of aligned sequence segments characterizing more than 50Q groups of related proteins. This led to marked improvements in alignments and in searches using queries from each of the groups.
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Among the most useful computer-based tools in modern biology are those that involve sequence alignments of proteins, since these alignments often provide important insights into gene and protein function. There are several different types of alignments: global alignments of pairs of proteins related by common ancestry throughout their lengths, local alignments invohing related segments of proteins, multiple alignments of members of protein families, and alignments m d e during data base searches to detect homology. In each case, competing alignments are evaluated by using a scoring scheme for estimating similarity. Although several different scoring schemes have been proposed (1-61, the mutation data matrices of DayhofS (1, 7-9) are generally considered the standard and are often the default in alignment and searching programs. In the Dayhoff model, substitution rates are derived from alignments of protein sequences that are at least 85% identical. However, the most common task involving substitution matrices is the detection of much more distant relationships, which are only inferred from substitution rates in the Dayhoff model. Therefore, we wondered whether a better approach might be to use alignments in which these relationships are explicitly represented. An incentive for investigating this possibility is that implementation of an improved matrix in numerous important applications requires only trivial effort. Local alignments can be represented as ungapped blocks with each row a different protein segment and each column an aligned residue position. Previously, we described an automated system, PROTOMAT, for obtaining a set of blocks given a group of related proteins (10). This system was applied to a catalog of several hundred protein groups, yielding a data base of >2OOO blocks. Consider a single block representing a conserved region of a protein family. For a new member of this family, we seek a set of scores for matches and mismatches that best favors a correct alignment with each of the other segments in the block relative to an incorrect align- The expected probability of occurrence ec for each i, j pair is then p;pj for i = j and pipj + pipi = Zpipj for i # j . In the example, the expected probability of AA is 0.9 x 0.9 = 0.81, that of AS + SA is 2 X (0.9 X 0.1) = 0.18, and that of SS is 0.1 x 0.1 = 0.01. An PROTOMAT employs an amino acid substitution matrix at two distinct phases of block construction (16). The MOTIF program uses a substitution matrix when individual sequences are aligned or realigned against sequence segments containing a candidate motif (16). The MOTOMAT program uses a substitution matrix when a block is extended to either side of the motif region and when scoring candidate blocks (10). A unitary substitution matrix (matches = 1; mismatches = 0) was used initially, generating 2205 blocks. Next, the BLOSUM program was applied to this data base of blocks, clustering at 60%, and the resulting matrix was used with PROTOMAT to construct a second data base consisting of 1961 blocks. The BLOSUM program was then applied to this second data base, clustering at 60%. This matrix was used to construct version 5.0 of the BLOCKS data base from 559 groups in Prosite 9.00 keyed to Swiss-Pror22-The BLOSUM program was applied to this final data base of 2106 blocks, using a series of clustering percentages to obtain a family of lod substitution matrices. This series of matrices is very similar to the series derived from the second data base. Approximately similar matrices were also obtained from data bases generated by PROTOMAT using the PAM 120 matrix, using a matrix with a clustering percentage of SO%, and using just the odd-or even-numbered groups (data not shown). In the BLOSUM matrices, the scores for B and Z were made identical to those for D and E, respectively, and -1 was used for the character X. We used the same gap penalties for all matrices, -12 for the first residue in a gap, and -4 for subsequent residues in a gap.
METHODS

Deriving a Frequency
The results of each search were analyzed by considering the sequences used by PROTOMAT to construct blocks for the protein group as the true positive sequences and all others as true negatives. BLAST reports the data bank matches up to a certain level of statistical significance. Therefore, we counted the number of misses as the number of true positive sequences not reported. For FASTA and SEARCH. we followed the empirical evaluation criteria recommended by Pearson (19); the number of misses is the number of true positive scores, which ranked below the 995th percentile of the true negative scores.
RESULTS
Comparison to Dayhoff Matrices. The BLOSUM series derived from alignments in blocks is fundamentally different from the Dayhoff PAM series, which derives from the esti- (Fig. 4) . Specifically, BLOSUM 62 was better than PAM 140 for 90 groups, whereas it was worse in only 23 other groups. As a baseline for comparison, we used the simple +6/-1 matrix. which makes no distinction among matches or mismatches. Compared to +6/-1, BLO-SUM 62 performance was better in 157 groups and was worse in 6 groups. Of the 504 groups tested, only 217 showed differences in any comparison. Similar results were obtained for FASTA (data not shown).
C S T P A G N D E Q H R K M I L V F Y W
Very recently, two updates of the Dayhoff matrices have appeared (25. 26). Both use automated procedures to cluster similar sequences present within an entire protein data base and therefore provide considerably more aligned pairs than were used by Dayhoff. However. in tests of these matrices using BLAST on each of the 504 groups. performance was not noticeably different from that of the Dayhoff PAM 250 matrix, which these matrices were intended to replace, much worse than matrices in the BLOSUM series (Fig. 4) . Compared to BLOSUM 45, which has similar relative entropy to PAM 250, the matrix of Gonnet et ai. Results are based on searches using queries for each of 504 different groups. For each pair of numbers below a box representing a matrix, the first is the number of groups for which BLOSUM 62 missed fewer sequences than that matrix. and the second is the number of groups for which BLOSUM 62 missed more. The vertical distance between each matrix and BLOSUM 62 is proportional to the difference.
Confirmation of a Suspected Relationship Between Transposon Open Reading
Frames. While the tests described above demonstrate that BLOSUM matrices peqorm better overall than PAM matrices. an example indicates the extent to which this improvement can matter in a real situation. We investigated a suspected relationship that is biologically attractive but is somewhat equivocal when examined by objective criteria. Two groups have noticed a stretch of similarity between the predicted protein from the Drosophih mauritiana mariner transposon and that from Coenorhubdiris eleguns transposon Tcl (S. Emmons and J. Heierhorst, personal communications) (Fig. 5) . However, this alignment did not score highly enough to allow its detection in searches using various PAM matrices. In contrast, a BLAST search with BLOSUM 62 using the mariner predicted protein as query detected this alignment as the best in the data base (data not shown). An analysis shows nonzero scores taken from the difference matrix of Fig. 2 assigned to each amino acid pair.
The higher absolute score for BLOSUM 62 compared to PAM 160 (E = 35 for BLOSL" 62 > PAM 160 versus Z = 14 for BLOSUM 62 < PAM 160) results from many small differences.
When the scores for this alignment were compared to the scores for alignments between one of the sequences and IO00 shumes of the other. the score using BLOSUM 62 was 7.6 SD above the mean. In contrast. the score using PAM 160 was only 3.0 SD above the mean with similar results for PAM 250 and PAM 120, accounting for the failure to detect this relationship in previous data base searches. The importance of such improved performance can be profound for weakly scoring alignments that are not detected in a search or are not trusted. For example, the alignment between predicted proteins encoded by manner and Tcl transposons improved by more than 4.5 SD above the mean of comparisons to shuffled sequences when BLOSUM 62 was used instead of PAM matrices.
There are fundamental differences between our approach and that of Dayhoff that could account for the superior performance of BLOSUM matrices in searches and alignments. Dayhoff estimated mutation rates from substitutions observed in closely related proteins and extrapolated those rates to model distant relationships. In our case, frequencies were obtained directly from relationships represented in the blocks, regardless of evolutionary distance. Since blocks were derived primarily from the most highly conserved regions of proteins, it is possible that many of the differences between BLOSUM and PAM matrices arise from different constraints on conserved regions in general. For example, Dayhoff found asparagine to be the most mutable residue, whereas, in blocks, asparagine is involved in substitutions at an average frequency. This could mean that an asparagine located in a mutable region of a protein is itself highly mutable, whereas, when it is located in a conserved region, it shows only an average tendency to be involved in substitutions.
Another difference is the larger and more representative data set used in this work. The Dayhoff frequency table included 36 pairs in which no accepted point mutations occurred. In contrast, the pairs we counted included no fewer than 2369 occurrences of any particular substitution. Scoring differences were especially apparent for pairs involving rare amino acids such as tryptophan and cysteine. Similar findings were made in the two recent updates of the Dayhoff matrix (25, 26). However, in these studies, no evidence was presented that increased data improved performance. Our tests show that the updated Dayhoff matrices still perform poorly overall when compared to BLOSUM 62. This suggests that matrices from aligned segments in blocks, which represent the most highly conserved regions in proteins, are more appropriate for searches and alignments than are matrices derived by extrapolation from mutation rates.
The BLOSUM series depends only on the identity and composition of groups in Prosite and the accuracy of the automat'ed PROTOMAT system. While the system itself uses a substitution matrix, iterative application soon leads to nearly the same set of scores, even starting with a unitary matrix or using a representative subset of the groups. Therefore, we do not expect that these substitution matrices will change significantly in the future. 
